Results Plasma ultrafilterable platinum concentrations decreased rapidly till 60 min after dosing and then more slowly by 24 h. The concentrations of total platinum in both the fore-and midbrain and the hindbrain were similar at all time points and were at least 20-fold lower than plasma total platinum concentrations. There were no significant changes in substance P immunoreactivity after cisplatin dosing. Histology revealed damage to the renal cortex by 72 h after injection of cisplatin. Conclusions This is the first study to examine platinum concentrations in musk shrews after administration of cisplatin and delineate substance P immunohistochemical staining in the hindbrain and spinal cord of this species. The platinum concentrations detected in the brain could potentially contribute to the neurological side effects of cisplatin, such as nausea and emesis.
Introduction
Cisplatin is considered to be one of the most emetogenic of the therapeutically relevant cancer chemotherapies and as such has been widely used to study the efficacy of antiemetic agents [1, 2] . Cisplatin causes emesis in almost all patients if prophylactic therapy is not provided [3] . Cisplatin chemotherapy results in two distinct phases of nausea and vomiting: the acute phase that occurs within the first few hours after cisplatin infusion and the delayed phase that occurs within 48-72 h after the infusion [4] . The two phases are clearly distinct in that currently available antiemetics have efficacy during the acute phase, but much less during the delayed phase [5] . Although acute chemotherapy-induced nausea and emesis are largely controlled by available antiemetics, patients still experience these side effects in the delayed phase, especially nausea (e.g., [6] ).
The acute phase of chemotherapy-induced nausea and vomiting (CINV) is believed to result from serotonin released from enteroendocrine cells in the gastrointestinal tract which activates local vagal afferent fibers containing 5-HT 3 receptors [7, 8] . Indeed, 5-HT 3 receptor antagonists are effective antiemetics during the acute phase of cisplatin-associated CINV, but of limited value during the delayed phase [2] . The biological mechanisms for cisplatin-based CINV remain unclear but studies suggest that NK 1 (neurokinin type 1) receptors located in the hindbrain are involved and direct action of cisplatin or a circulating factor on the brain could play a role, because lesions of the area postrema in the hindbrain but not the vagus blocks cisplatin-induced emesis in the ferret [9] . Studies using ferrets [10] and dogs [11] have shown that 5-HT 3 antagonists are effective in both the acute and delayed phases of emesis, which is not an accurate reflection of the human response. Studies in musk shrews suggest that 5-HT 3 receptor antagonists are effective only in the acute phase and not during the delayed phase of cisplatin-induced emesis or activation of the brain [12, 13] . Thus, the musk shrew is potentially a better model of human cisplatininduced emesis than the ferret or dog.
Musk shrews appear to be a good model to study the biology of cisplatin-induced emesis during acute and delayed phases [12] [13] [14] [15] ; however, we currently lack critical information on the pharmacokinetics of platinum in musk shrews. Because no studies to date have examined the concentrations of platinum in shrews treated with cisplatin, we examined in Study 1 the platinum plasma pharmacokinetics and tissue distribution in lungs, kidneys, fore-and midbrain, hindbrain and spinal cord between 5 min and 72 h after ip administration of cisplatin. In Studies 2 and 3, we assessed the impact of cisplatin on 6-h (acute phase) and 72-h (delayed phase) substance P immunoreactivity in the dorsal vagal complex of the hindbrain and the dorsal horn of the spinal cord. We chose to focus on these areas because they are involved in generating the emetic reflex (hindbrain) and processing of pain signals (spinal cord); cisplatin treatment is known to produce both emesis and pain in patients (e.g., [16] ). Substance P is the endogenous ligand for the NK 1 receptor [17] , and cisplatin injection was reported to increase substance P immunoreactivity in the area postrema in mink [18] . In addition, we performed histological analysis of kidney toxicity at these time points, since renal toxicity is a common and clinically relevant side effect of cisplatin treatment [19] .
Materials and methods

Animals
Experimentally naïve adult female musk shrews were derived from a stock obtained from the Chinese University of Hong Kong; a Taiwanese strain of Suncus murinus [20] . Three studies were performed using a total of 83 female musk shrews (Study 1, n = 45, days of age = 34-40, body weight range = 29.3-43.9 g and mean ± SD = 37.9 ± 2.9 g; Study 2, n = 16, days of age = 36-40, body weight range = 25.8-46.2 g and mean ± SD = 36.0 ± 1.9 g; Study 3, n = 18, days of age = 84-105, body weight range = 35.8-44.2 g and mean ± SD = 30.7 ± 2.4 g). Animals were housed individually in clear plastic cages (28 × 17 × 12 cm; length × width × height), with a filtered air supply, under a 12:12 h light:dark cycle (lights on at 0700 hours), in a temperature (~23 °C) and humidity (~40 %) controlled environment. Food consisted of a mixture of 75 % Purina Cat Chow Complete Formula and 25 % Complete GroFur mink food pellets [21] . Food and drinking water were freely available. All experiments were approved by the University of Pittsburgh Institutional Animal Care and Use Committee. Animals were housed in an animal care facility accredited by the Association for Assessment and Accreditation of Laboratory Animal Care.
Cisplatin
Cisplatin was obtained from Sigma-Aldrich (cisdiammineplatinum(II) dichloride; P4394-crystalline) and was mixed in sterile saline (0.15 M) for intraperitoneal (ip) injection. Intraperitoneal injections were administered as a solution of 20 mg cisplatin per 10 ml saline in Studies 1 and 2, and 30 mg cisplatin per 20 ml saline in Study 3.
Study 1: Pharmacokinetics of cisplatin
On the day prior to the study, 45 experimentally naïve animals were stratified into time point groups such that each group contained one small, medium, and large-weight shrew. Animals were dosed cisplatin (ip), 20 mg/kg, 0.01 ml/g exact body weight in saline and euthanized at 5, 10, 15, 30, 45 min, or 1, 1.5, 2, 4, 6, 24, 48, and 72 h after administration of cisplatin. Shrews were euthanized using an overdose of CO 2 , and blood was collected by cardiac puncture using a heparinized 22 gauge needle and 3-ml syringe. The blood was centrifuged at 12,000×g for 4 min to obtain plasma. Approximately 300 µl of plasma was then immediately transferred to an Amicon Ultra 30 K centrifugal filter unit and centrifuged at 14,000×g for 5 min at 4 °C to obtain ultrafiltrate. The following tissues were quickly removed, placed on ice, weighed, and snap frozen in liquid nitrogen: lungs, kidneys, spinal cord, combined forebrain and midbrain, and hindbrain.
To quantitate platinum in the plasma, plasma ultrafiltrate, and tissues, samples were processed as follows. Prior to analysis, organs were homogenized in phosphate-buffered saline (PBS), pH 7.4 (tissue + 3 parts PBS, v/g). Brain samples were homogenized using a sonic probe cell disruptor. Platinum quantitation was performed using a Perkin-Elmer model 1100 flameless atomic absorption spectrometer (Perkin-Elmer, Norwalk, CT) as previously described [22] . The platinum quantitation range was 0.0245-0.784 µg/ml, and samples were diluted to within the assay range. Platinum concentrations were calculated from a standard calibration curve prepared fresh daily. Plasma total and ultrafiltrate were run against a standard curve prepared in 0.25 % Triton X-100. Lung, kidney, spinal cord, combined midbrain and forebrain, and hindbrain were analyzed against a standard curve prepared in control mouse homogenate prepared in PBS and values adjusted to Pt/g wet tissue weight. Pharmacokinetic parameters for plasma total and ultrafilterable platinum and tissue platinum were extracted from the data by non-compartmental methods with PK Solutions 2.0 (Summit Research Services, Montrose, CO).
Studies 2 and 3: Immunohistochemistry of substance P and kidney toxicity
In Study 2, sixteen experimentally naïve animals were dosed with saline, euthanized at 6 (n = 3) and 72 h (n = 3) later, or 20 mg/kg cisplatin, euthanized at 6 (n = 5) and 72 h (n = 5) later. Study 3 included an additional group of experimentally naïve animals dosed with saline (n = 9) or 30 mg/kg cisplatin (n = 9) and euthanized at 72 h after injection. Body weights were measured daily in Studies 2 and 3. The subjects were euthanized with 0.2 ml of Beuthanasia-D (ip) and transcardially perfused with saline (0.15 M) followed by 4 % paraformaldehyde with 1.4 % l-lysine and 0.2 % sodium metaperiodate in 0.1 ml phosphate buffer. Brains and spinal cords (T8-T10; the level of gastrointestinal nerves) were post-fixed overnight in 4 % paraformaldehyde and cryoprotected in 20 % sucrose solution in 0.1 M PBS. After 24 h, the brains and spinal cords were removed from sucrose, frozen on dry ice, and stored at −80 °C. All brains and spinal cords were cut into 35-µm sections using a cryostat (Microm HM 500M) at −21 °C and stored in cryoprotectant [23] .
For immunohistochemistry, tissue was rinsed in 0.1 M PBS for 50 min and 0.5 % hydrogen peroxide for 15 min. The tissue was transferred to the primary antiserum, 1:5,000 anti-substance P antibody (Millipore AB1566, polyclonal; overnight, room temperature) containing 0.01 % normal serum and 0.03 % Triton X-100. On day two, the tissue was rinsed in 0.1 M PB for 1 h and transferred and incubated for 1 h in the secondary antiserum, 1:500 in PB, 10 % Triton X-100, and 0.01 % normal serum. The tissue was then rinsed in 0.1 M PB for 30 min, transferred to an avidin-biotin complex (Elite kit; Vector Laboratories) with 10 % Triton X-100, and 0.1 M PB for 90 min. Sections were then rinsed in 0.1 M PB for 30 min, and then 0.1 M sodium acetate buffer for 10 min. Sections were submerged in diaminobenzidine (DAB) and 2.5 % nickel in sodium acetate buffer with hydrogen peroxide for 5 min. The reaction was stopped with sodium acetate buffer rinse, and then 0.1 M PB rinse for 20 min. The tissue sections were mounted onto Superfrost Plus slides (Fisher Scientific). Microscope slides were allowed to dry overnight and then rinsed in Milli-Q water, 70 % ethanol, 95 % ethanol, 100 % ethanol, and xylenes. Slides were coverslipped with cytoseal mountant and left to harden horizontally overnight.
Histological images for substance P quantification were taken on a Nikon Eclipse E800 microscope with a Nuance FX multispectral imaging system (Nuance 2.10 software; Cambridge Research and Instrumentation Inc.; with filter and setting set to DIA). Two sections of the spinal cord (high, T8, and low, T10) and one section of the middle hindbrain (the region with larger area of the area postrema) were analyzed for the presence of substance P labeling. Regions analyzed included the substantia gelatinosa of the spinal cord, the area postrema (AP), the nucleus of the solitary tract (NTS), and the dorsal motor nucleus (DMN) [24] . For spinal cord sections, a region was drawn that covered approximately 1/3 of the most dorsolateral part of the dorsal horn, a region known to express substance P in other species [25, 26] . Values represent the average of staining for the left and right sides of the spinal cord (both sections) and hindbrain. Grayscale values were collected for each region of interest using computer software (ImageJ; http://imagej.nih.gov/ij/). Staining was analyzed by two investigators blinded to the experimental condition, and we report the average values of these two assessments. In Study 2, one saline animal did not have an appropriate NTS/DMN/AP section for analysis, and an additional saline animal was missing an AP from the appropriate section; therefore, these values are not included in the analysis.
For renal pathology (Study 2), tissues were collected in 10 % formalin at necropsy. Once fixed, tissue sections were processed, embedded in paraffin, sectioned at 4 µm, and stained with hematoxylin and eosin (H and E). Blinded histopathologic examination of the tissue sections was conducted by a veterinary pathologist.
Statistical analysis
Substance P immunolabeling was analyzed using KruskalWallis ANOVA for Study 2 and Mann-Whitney U for Study 3. Study 2 salines (6 and 72 h) were combined into a single group for additional statistical power. Student's t tests and ANOVA were used to compare body and organ weights. Post hoc tests following ANOVA were conducted using the Holm correction for cumulative type I errors. Statistical significance was set at a p value less than 0.05.
Results
Study 1: Pharmacokinetics of cisplatin
The body weights of the shrews through 72 h post-dosing were not significantly different from pre-dose body weights. There were also no significant differences between groups in the weights of the lungs, kidneys, the hindbrain, forebrain or spinal cord. The kidneys from shrews euthanized 72 h after treatment appeared pale compared to the control shrew kidneys. Similarly, the spleen weights of treated shrews at 72 h were significantly smaller than the spleen weights of controls euthanized at 72 h (t test, p < 0.05; 0.10 ± 0.02 g vs. 0.18 ± 0.01 g; mean ± SEM). Table 1 shows the concentration of platinum in plasma and organs. The concentration of ultrafilterable platinum and total platinum in shrew plasma compared to hindbrain platinum is presented in Fig. 1 . The total plasma platinum concentrations dropped rapidly from a mean concentration of 26.1 µg/ml at 5 min to 6.9 µg/ml at 30 min after cisplatin injection, but then decreased more slowly between 1 and 72 h. In contrast, ultrafilterable platinum decreased much more rapidly from 28.5 µg/ml at 5 min after injection to 0.16 µg/ml at 90 min after injection, indicative of tissue distribution and reaction with macromolecular plasma components. By 24 h, the ultrafilterable platinum concentrations dropped below the lower limit of quantitation.
Distribution of platinum to the lungs and kidneys was rapid, and peak concentrations of platinum (23.0 and 37.0 µg/g, respectively) were observed by 10 min after dosing (Table 1) . After the initial distribution phase, the time course of lung platinum paralleled the plasma total platinum concentrations, while between 1 and 72 h, kidneys retained approximately fourfold higher concentrations of total platinum than either lung or plasma. In contrast to the concentrations of total platinum in the rapidly equilibrating lungs and kidneys, peak concentrations of platinum in the hindbrain, forebrain plus midbrain, and spinal cord were much lower. Mean peak concentration in the fore-and midbrain occurred at 10 min and was 0.29 µg/g, slightly lower than the mean peak concentration in the hindbrain, which was 0.56 µg/g (Fig. 1 ). In contrast, the spinal cord mean peak concentration occurred at 5 min and was considerably higher than the brain regions at 1.36 µg/g ( Table 1 ). The exposures to total platinum reflect these differences. Based on the area under the concentration-time curve values (Table 1) , the greatest exposure to platinum in shrews occurs in the kidneys, followed by lung and plasma. Brain exposure was only about 5 % of plasma total platinum exposure and spinal cord exposure was only about 7 % of the plasma total platinum exposure. Very little platinum appeared to have reached the central nervous system ( Table 1) .
The non-compartmental analysis of ultrafilterable and total platinum in shrew plasma is summarized in Table 2 . The half-life (t½) of ultrafilterable Pt is approximately 12 min, while total Pt is retained much longer with a terminal t½ of 83 h. Ultrafilterable Pt is widely distributed to tissues as indicated by the apparent volume of distribution (Vd) of 577 l/kg and the clearance (Cl) of 2.05 l/h/kg.
Studies 2 and 3: Immunohistochemistry of substance P and kidney toxicity
Body weights
In Study 2, body weights of the 72 h 20 mg/kg cisplatin-injected shrews were significantly lower over the three days after injection [F(3,12) = 4.6, p < 0.03, one-way ANOVA; pre-injection = 39.6 ± 1. and not on pre-injection, Day 1, or Day 2 after injection (pre-injection, saline = 39.7 ± 0.25 g and cisplatin = 39.7 ± 0.29 g; Day 1, saline = 39.3 ± 0.29 g and cisplatin = 37.0 ± 0.27 g; Day 2, saline = 39.3 ± 0.27 g and cisplatin = 36.9 ± 0.28 g; p > 0.05, Holm tests).
Substance P labeling
Substance P labeling was evident in the dorsal horn of the spinal cord corresponding to the substantia gelatinosa (Fig. 2) , and this was observed bilaterally in the spinal cord and throughout the dorsal vagal complex (AP, NTS, and DMN; Fig. 3 ). Particularly, dense labeling was detected in the DMN (Fig. 3) . However, there were no statistically significant differences between the saline conditions and the cisplatin conditions in either Study 2 (20 mg/kg) or Study 3 (30 mg/kg) (p > 0.5, Kruskal-Wallis ANOVA and MannWhitney U test; Fig. 4 ).
Renal histology
Blind review of the kidney histology from Study 2 (20 mg/ kg) indicated that all animals injected with cisplatin and euthanized at 72 h (n = 5) had acute necrosis, degeneration, and attenuation of the renal tubular epithelium throughout the renal cortex, which ranged from mild to severe. Prominent loss of the epithelial brush border was found in affected tubules in addition to multifocal protein casts within the lumen (Fig. 5) . Cisplatin-associated lesions were segmental to diffuse and most severe within the outer cortex. In contrast to 72 h, kidneys from saline-injected shrews (n = 6) and 20 mg/kg cisplatin-treated shrews at 6 h (n = 5) were indistinguishable, with no lesions present on histology.
Discussion
The musk shrew appears to be an advantageous small animal model to examine the mechanisms involved in cisplatin-induced emesis and exhibits both the acute and delayed emetic phases that are observed in humans [12, 14, 15] . Musk shrews demonstrate acute and delayed emesis after intraperitoneal injection of 20-30 mg/kg cisplatin [12, 14] . These doses are approximately equivalent to 80-120 mg/ m 2 (using an estimated body surface area between the body weight of mouse and hamster, [27] ), which is a dose of cisplatin considered to be highly emetic in humans [2] . 5-HT 3 receptor antagonists appear to have similar pharmacodynamic profiles in shrews as in humans, being effective during the acute phase of emesis, but much less effective in the delayed phase [2, 12] . Although the shrew appears to be a good model to examine emetic responses to cisplatin, there was no information available on the plasma or tissue platinum pharmacokinetics following doses of cisplatin associated with emesis and no information on the acute toxicity of cisplatin in shrews.
Most of the preclinical studies describing the pharmacokinetics of cisplatin were conducted in rodents, which are not capable of vomiting [28] . Nakashima et al. [29] examined the distribution of cisplatin into intact brain and 9L malignant glioma containing brain after intracarotid infusion of 3.5 mg/kg cisplatin and found that the ratio of CSF platinum to unbound plasma platinum in normal brain (0.04) was much lower than that ratio in brain with glioma (0.69), suggesting that only a small amount of cisplatinderived platinum crosses an intact blood-brain barrier, which is in agreement with our observations in the shrews. Moreover, since in our studies, whole brain tissues were analyzed, at least part of the observed concentrations may be attributable to platinum residing in the vascular compartment of brain tissues, which makes up between 1 and 4 % of the volume of the brain across species [30] . Similarly, Ramirez-Camacho et al. [31] and Esteban-Fernandez et al. [32] examined the concentrations of platinum in Wistar rats following 5 mg/kg cisplatin ip and at 3 days after dosing found dry-weight brain concentrations of platinum of approximately 0.21 µg/g, which is very close to our values of 0.10-0.25 µg/g. When the pharmacokinetics of cisplatin were examined in mice, after ip administration of 3.75, 7.5 and 15 mg/kg cisplatin, Johnsson et al. [33] observed that in plasma and tissues, there was an initial elimination phase between 9 and 30 min followed by a slow decline of total platinum concentrations over the next few days, very similar to the results we obtained in the shrews. These investigators [29, [31] [32] [33] all observed that brain concentrations were much lower than the concentrations of total platinum in plasma, suggesting that very little of ultrafilterable platinum is able to penetrate the blood-brain barrier. The concentrations of total platinum were highest in the kidneys in both rats and mice in agreement with our observations in the kidneys of shrews. In mice, the terminal t½ for total plasma platinum after administration of cisplatin was 55 h, while the terminal t½ in kidneys was 76 h. In shrews, the estimated terminal t½ of total platinum in plasma was 83 h (Table 2) , while the terminal half-life in kidneys was 178 h. Thus, the shrew pharmacokinetics of platinum after administration of cisplatin appear similar to the results obtained in rodents.
We also evaluated the impact of cisplatin on a critical neurotransmitter for communication to the central nervous system. Substance P serves as a neurotransmitter for vagal and spinal afferent fibers connected to the brain and spinal cord, respectively, and is a signaling factor in vagal and hindbrain circuits for emesis and spinal afferent activation of pain [17] . Notably, another well-known side effect of cisplatin is peripheral neuropathy and pain [34] . Similar to other emesis models, like the ferret [35] , we observed substance P immunoreactivity throughout the dorsal vagal complex. In contrast to the reported effect of cisplatin (7.5 mg/kg, ip) to induce an increase in substance P immunoreactivity in the AP of mink by 6 h [18], we did not observe any significant changes in SP staining in the AP, NTS or DMN of musk shrews, up to 30 mg/kg ip. We also observed no significant difference in substance P immunoreactivity in the spinal cord between saline and cisplatintreated shrews. It is possible that a longer time course is needed to detect changes in the spinal cord (or hindbrain); for example, one report showed increased substance P in the dorsal root ganglia of rats after 4.5 weeks of cisplatin injections (twice a week, 2 mg/kg, ip each injection) [26] .
The toxicity of cisplatin in shrews was very similar to that observed in rodents and in humans. Although there were no significant changes in kidney weights in the salinetreated control or the cisplatin-treated shrews at 72 h, kidneys from the cisplatin-treated shrews appeared pale when compared to the saline-treated controls and there were gross changes apparent upon longitudinally bisecting of the kidneys. Further, approximately 25 % of shrews receiving this dose of cisplatin die between 4 and 7 days after treatment even with administration of saline to increase diuresis (unpublished data). Approximately 20 % of patients treated with high dose cisplatin experience dose-limiting Fig. 5 Representative images of the renal cortex from cisplatin (20 mg/kg, ip; Study 2) and saline-injected musk shrews. Top row images show acute necrosis, degeneration, and attenuation of the renal tubular epithelium throughout the renal cortex after cisplatin injection compared to saline injection (bottom row). Scale bars: left images 500 µm; right images 100 µm renal toxicity [19] . In rats, treatment with a single ip dose of 6 mg/kg cisplatin resulted in marked focal necrosis in the proximal and distal tubules with the greatest lesions in the corticomedullary region [36] . In mice treated with a single dose of cisplatin of 40 mg/kg (ip), by 72 h, there was severe tubular injury and only about 25 % of the mice survived [37] . The renal pathology observed in shrews in our study appears to be similar to the acute toxicity of cisplatin in rodents, although interestingly, the effects appear to be most severe within the outer cortex and not at the corticomedullary junction (Fig. 5) . Further investigation is necessary to determine the cause for this regional difference within the kidney of shrews as compared to rodents.
The spleen weights of the shrews treated with cisplatin and euthanized at 72 h after treatment were also significantly smaller than the spleen weights of shrews treated with saline and euthanized at the same time point. It is well known that cisplatin treatment is frequently associated with anemia. In rats treated with cisplatin 6 mg/kg (ip), spleen weights decreased significantly at 72 h after dosing [37] .
The results presented support the use of the musk shrew as a small animal model to evaluate the acute nephrotoxicity and the nausea and vomiting associated with a single dose of cisplatin [12, 14, 15] . Both these toxicities are complex and have many components that are not clearly understood. The shrew may serve as a small animal model to evaluate the mechanisms involved in these complex processes and will also serve as a useful model to evaluate preventive and intervention strategies to decrease the toxicity of the widely used antineoplastic agent cisplatin.
